Introduction
Analytical and compact modeling can give better insight into the operation of a device. For monolayer Transition Metal Dichalcogenides (TMDCs), classical transport models will not be appropriate because of the presence of high degree of confinement. In 2012, Jiménez [1] presented a physics-based model of the surface potential and drain current for monolayer TMDC FET. The work took the 2D density of states of the monolayer TMDC and its impact on the quantum capacitance into account and modeled the surface potential. The author further developed an expression for the drain current considering the drift-diffusion mechanism. The analytical expressions of surface potential and drain current derived in that work are applicable for both the subthreshold and above threshold regions of operation. Although the analytical model is benchmarked against a prototype TMDC transistor, it has some significant limitations like non-scalability due to lumped capacitor network based intrinsic device characteristics. In 2014 Cao et al. [2] presented an analytical I-V model for 2D TMDC FETs as well. The model takes physics of monolayer TMDCs into account and offers a single closed-form expression for all three, i.e. linear, saturation, and subthreshold regions of operation. The authors also incorporated various non-ideal secondary effects like interface traps, mobility degradation, and inefficient doping in the model, although that resulted in current equations having an integral form instead of closed form. In 2015 Najam et al. [3] introduced a surface potential-based low-field drain current compact model for 2D TMDC FET taking dielectric interface traps into account. In that work, the derived drain current model is capable of self-consistently calculating the surface potential of the device and interface trap charge (Qit) with the help of an experimentally reported interface trap distribution. In this work, a compact drain current model for monolayer TMDC channel FET has been developed in light of the model developed by Cao et al. [2] . The primary target of this work is to formulate a single drain current equation for all regions of operation. The secondary target is to incorporate the effect of quantum mechanics in the compact drain [2] has been simplified to present current in a compact format for all regions of FET operation. Similar simplification is also done in other models too. However, in the model proposed by this work, we have used a linear differential equation with a constant coefficient for electrostatic potential, ( ). This helps us to solve the channel potential of a FET device with multiple oxide materials of different dielectric permittivity which is not possible using Cao's model [2] . In fact, the applicability of the proposed model for a FET structure with two different oxide materials in the insulating region has been shown with an example of a dielectric modulated FET type nanobiosensor in the second part (section 7) of this work. In the first part of this work, results obtained from the proposed physically accurate compact model are used for quick characterization of a proposed monolayer WSe2 channel transistor structure. With the help of a gate voltage dependent "Fitting Function" obtained from experimental results of a MoS2 FET (no suitable experimental data on WSe2 FET were available to the authors' best knowledge), this model successfully estimates the transport characteristics and the threshold voltage of the monolayer WSe2 FET, which are also in reasonable agreement with the numerical simulation done in previous work [4] . In the second part of this work, the proposed model has been used to investigate a new type of biosensor which also confirms the versatile applicability of the model. Several TMDC material based FET structures have already been investigated as biosensors in recent literature [5] [6] [7] . These monolayer and multilayer TMDC FETs have shown excellent bio-detection capability, especially in the subthreshold mode of operation. However, the impressive performance reported for these biosensors are limited to detection of charged biomolecules submerged in a solution which suffers from well-known Debye screening [8] . New biomolecule detection technique has been proposed in the recent literature [9] which utilizes the dielectric permittivity of the biomolecule instead of charge to circumvent these problems. These biosensors are implemented using dielectric modulated FET (DMFET) where the biomolecules are captured in a cavity formed in the oxide region. Various simulation and analytical model based studies have been reported in the recent literature [10] [11] [12] [13] which have proven the potential of this new biosensing technique in a dry environment. This work also investigates the prospect of monolayer TMDC material as a channel in such DMFET biosensor using the compact transport model developed for TMDC MOSFET.
Device Structure
The MOSFET structure under consideration has a monolayer p-doped WSe2 channel sandwiched between ZrO2 at top and SiO2 at the bottom oxide. Top and bottom gates are made of Pd. The source and drain are highly n-doped regions of monolayer WSe2. The monolayer channel has a thickness, width, and length of 0.65 nm, 10 nm and 20 nm, respectively. Top and bottom oxide thicknesses are 3 nm and 5 nm, respectively.
2D channel is p-doped with an impurity density of 2.2 x 10 16 m -2 and n-type source/drain doping density are assumed to be in the order of 10 17 m -2 . In our previous work [4] , we have performed a quantum mechanical transport simulation on this device structure. A p-FET version of this 2D device structure was first proposed and fabricated by Fang et al. [14] which had a 9.2 µm long monolayer WSe2 channel. Fig. 1 . The MOSFET structure under consideration. It has a 2D material channel sandwiched between the top and bottom oxides and corresponding top and bottom gates. The channel is p-doped.
Formulation of Electrostatic Potential
A differential system is formulated first to explain the physics and operation of the device as shown in Fig.  2 . We have used similar formulation used by Cao et al. [2] . Since the channel is very thin, it is reasonable to assume that electrostatic potential ( , ) in the channel does not change in the direction along the top and bottom gate [2] . So, it is safe to assume that in the channel, potential ( , ) ≈ ( ).
To get the differential system, we need to apply Gauss's Law in the closed box shown in Fig. 2 . The box has height ℎ (thickness of the 2D channel, ~ 0.65nm), width and length . From Gauss's Law the relationship between the charge density ( ) inside the enclosed box and the electric field outside the enclosed box ( ⃗ ) can be found as,
where is the dielectric permittivity of the material at each surface (s) of the enclosure. Let us assume, the box has an infinitesimal length of ∆ and charge density of ∆ . So, Equation (1) becomes, Fig. 2 . An infinitesimal box is considered to which Gauss's Law is applied to establish the differential system for the 2D MOSFET. The directions of the surface vectors are outward positive. Approximation of the potential V(x) inside the 2D channel is shown at the bottom of the figure.
Formation of the Differential Equation
From the formulation of Cao et al. [2] , we get the following differential equation using equation (2),
where, and are top and bottom oxide dielectric permittivities, respectively. and are top and bottom oxide thicknesses, respectively. ℎ is the dielectric permittivity of 2D material channel.
is the acceptor type dopant concentration per unit area. 2 ( ) is the free inversion carrier (electron) concentration.
′ and ′ are respectively defined as,
Here, and are applied bias voltages at top and bottom gates, respectively and / are corresponding flat band voltages.
/ are defined as,
Here, and are top and bottom metal gate work functions, respectively and ℎ is the 2D channel material work function. , ℎ , and are the bandgap, electron affinity, and intrinsic carrier concentration of the channel material, respectively. , , and are Boltzmann constant, Kelvin temperature (300K), and charge of electron, respectively. Equation (3) can be rewritten as,
Where, = . Here, = spin degeneracy, = valley degeneracy, * = effective mass and ђ = reduced Plank's constant. The E-K diagram of WSe2 was calculated using Quantum Espresso Software and found that energy difference between the lowest two valleys is ~8meV. So, we had to consider lowest two valleys in the calculation of .
Differentiating (8) with respect to and substituting the value of ℎ ℎ 2 ( ) from (8) into the result, we get-
The differential equation in (12) cannot be solved for a closed form analytical solution. To simplify the equation, we invoked gradual channel approximation and got ( ) ≈ 0 [15] . This assumption is particularly valid for long channel 2D MOSFETs where lateral electric field from drain to source is weaker compared to the vertical electric field from top to bottom gate.
We can further simplify (12) by ignoring higher order variations of ( ) with . As long as the channel is long and drain voltage is low, this assumption is also valid and we get, 
Evaluating the Constants and
For source and drain region, 2 = ( ) = ( ) = , where is the n-type source and drain doping concentration per unit area. So, from (11) at = 0 and = ℎ respectively,
Here, is the built-in potential at the source/drain-channel interface. Using these boundary conditions, we get values of 1 and 2 and (14) becomes,
Here, can be evaluated from (10) and (15) 
Drain Current Modeling
The carrier transport is governed by the drift-diffusion equation [2, 16] as described by,
Here, ( ) is the channel electron mobility. In this stage, we need an estimation of ( ) in terms of to calculate the current. The most simplified approximation can be a linear profile of ( ) as described by the equation,
From Fig. 2 the constants M and C can be evaluated as,
The value of is consistent with the gradual channel approximation. With longer ℎ and lower , gets smaller and dependence of ( ) on diminishes to give ( ) ≈ 0. However, in the value of and from (22) and (23), gate voltage dependence of quasi Fermi level is missing. To incorporate the effect of gate voltage, an empirical fitting function ( ) can be considered with C. So, the final form of C becomes,
Assuming a uniform drain current and uniform field dependent mobility throughout the channel and integrating (20) with respect to from = 0 to = ℎ and substituting value of 2 ( ), we get-
The lateral electric field ( || ) dependence of the mobility ( ) will come from a standard mobility model as used in ATLAS [17] ,
where, 0 = Low field mobility = Electron saturation velocity in the electric field = Fitting parameter || = Lateral electric field from drain to source = − ℎ Substituting values of ( ), ( ), and into (25), we get the final expression of the drain current per unit channel width as,
Although the integral in (27) does not have a closed form solution, it can be very easily evaluated numerically to get the drain current.
Model Verification
Due to the unavailability of experimental transport characteristics of sub-1µm channel monolayer WSe2 FET, we had to choose an experimental monolayer MoS2 FET for the benchmarking purpose. The compact transport characteristics developed in the previous section is compared with the experimental results of monolayer MoS2 FET published by Liu et al. [18] . Precisely same sets of the device and material parameters are used to make a valid comparison. Since monolayer MoS2 and WSe2 have similar crystal structure and material properties, the fitting function ( ) obtained from the experimental results are assumed to be valid for the monolayer WSe2 FET as well. Applying this fitting function to the WSe2 FET described in section 2, we get its transport characteristics which reasonably match with the self-consistent simulation results from our previous work [4] on monolayer WSe2 FET. Fig. 3(a) shows the I-V characteristics of the monolayer MoS2 device obtained from equation (27) along with the experimental results reported by Liu et al. [18] . To match the characteristics, fitting function ( ), low field mobility ( 0 ) and have been configured as shown in Table I . The fitting function ( ) has parameters = −0.4609, = 0.25, = 0.2099 and = 0.3527 for benchmarking with the experimental data in Fig. 3(a) . However, considering a marginal change of a parameter (c=0.3397), we found that the proposed model matches with the self-consistent simulation results from our previous work [4] too. Fig. 3(b) shows the transfer characteristics of the monolayer WSe2 device obtained from (27) along with the transfer characteristics from the self-consistent simulation [4] .
Results and Discussions
In this section, we use the fitting functions obtained from the previous section to study the monolayer WSe2 FET described in section 2. (a) (b) Fig. 3 . Drain current from the compact model is matched with (a) experimental monolayer MoS2 FET results [18] for VGS = 1V (b) Quantum mechanical transport simulated WSe2 FET's transfer characteristics [4] for VDS = 0.8V. Plots are made by using appropriate material and fitting function in both real (right y-axis) and semi-log (left y-axis) scale. 
Material Parameters Used

Transport Characteristics of the Device
DMFET Biosensor
The biosensor studied in this work is shown in Fig. 6(a) . It consists of a top and bottom oxide with top oxide thickness equal to the height of the biomolecule. The channel material is a single layer MoS2.The channel has a p-type doping with a doping density of 2.2x10 16 m -2 . Source and drains are highly doped with an n-type impurity with a doping density of 3.25x10 17 m -2 . Therefore, it results in an inversion mode dielectrically modulated FET. The detailed derivation of the proposed model for biosensor application has been provided in supplementary document S1. 
Result and Discussion
As the dielectric permittivity of biomolecules in the cavity region changes, the potential profile also changes according to the relative dielectric constant of the biomolecule. Fig. 6(b) shows the surface potential when the dielectric permittivity of the cavity region is identical to that of top and bottom oxide, which is SiO2 in both region. In this specific case, the surface potential does not show any deformation in the oxide cavity interface. The whole top oxide and cavity region act as a uniform material as far as the dielectric permittivity of these two regions is concerned. However, for any other biomolecule with a dielectric permittivity different from that of the oxide region, change in surface potential is observed at the oxide-cavity interface. As can be seen from Fig. 7 , a higher dielectric permittivity of biomolecule will cause the surface potential under the cavity to shift upward compared to the rest of the oxide region. The extent of such shift in channel electrostatic potential will depend on the difference in relative dielectric constant between the cavity region and top oxide. A significant upward shift in surface potential under the cavity will cause an increase in inversion carrier density inside the channel. The increase inversion carrier density modulates the channel conductivity, which ultimately results in higher drain current as evident from Fig. 8 . For assessing the sensing performance of the proposed device, we used sensitivity metric as follows Fig. 9(a) shows the percentage change in drain current for the different relative dielectric constant of the biomolecule with cavity height as a parameter. It can be observed from Fig. 9 (a) that as the dielectric constant of the biomolecule increases, the sensitivity also increases with an upper level of around 45%. This change in sensitivity should be significant enough to be measured considering the signal fluctuation caused by background noise. Moreover, an increase in cavity height also increases the sensitivity. Fig. 9(b) shows the percentage change in drain current with the relative dielectric constant of the biomolecule for different cavity length. From equation (27), it can be seen that an increase in cavity length will decrease the current. A reduction in current also reduces the sensitivity as seen from Fig. 9(b) . Therefore, to optimize the sensitivity of the proposed device, the sensor should be designed in such a way so that a) The difference in relative dielectric constant between oxide and cavity region is maximum.
b) The area of the cavity region is adequate to cause considerable change in device's electrical response, i.e., drain current.
(a) (b) (a) (b) Fig.9 . (a) DMFET sensitivity for different biomolecule dielectric permittivity with oxide thickness as a parameter (b) Percentage change in drain current for different dielectric permittivity with cavity length as a parameter.
Conclusion
In this paper, a physically based accurate compact model of monolayer TMDC MOSFET and DMFET biosensor has been developed through a comprehensive analytical study by solving Poisson's equation for the electrostatic potential in the channel region and the drift-diffusion equation for the drain current using the gradual channel and quadratic electrostatic potential approximation. The results from the model have shown excellent agreement with the experimental and self-consistent simulation results for MOSFETs available in the current literature. Potential profiles, output, and transfer characteristics of monolayer WSe2 MOSFET have been calculated from the compact model, and the results confirm excellent ON and OFF state performances of monolayer WSe2 MOSFET. The compact model also is used to design and explain the operation of an electronic biosensor working on the principle of dielectric permittivity modulation. The DMFET biosensor channel potential and transfer characteristics obtained from the model show a detectable change in sensor output with the variation of dielectric permittivity in the cavity region. The results indicate that the sensitivity of DMFET biosensor can be optimized through proper selection of the cavity dimension and oxide materials.
